mechanical differences related to function and age. J. Appl. Physiol. 68(3): 1033-1040, 1990.-We investigated the possibility that tendons that normally experience relatively high stresses and function as springs during locomotion, such as digital flexors, might develop different mechanical properties from those that experience only relatively low stresses, such as digital extensors. At birth the digital flexor and extensor tendons of pigs have identical mechanical properties, exhibiting higher extensibility and mechanical hysteresis and lower elastic modulus, tensile strength, and elastic energy storage capability than adult tendons. With growth and aging these tendons become much stronger, stiffer, less extensible, and more resilient than at birth. Furthermore, these alterations in elastic properties occur to a significantly greater degree in the highload-bearing flexors than in the low-stress extensors. At maturity the pig digital flexor tendons have twice the tensile strength and elastic modulus but only half the strain energy dissipation of the corresponding extensor tendons. A morphometric analysis of the digital muscles provides an estimate of maximal in vivo tendon stresses and suggests that the muscletendon unit of the digital flexor is designed to function as an elastic energy storage element whereas that of the digital extensor is not. Thus the differences in material properties between mature flexor and extensor tendons are correlated with their physiological functions, i.e., the flexor is much better suited to act as an effective biological spring than is the extensor. digital tendon; flexor; extensor; mechanical properties; modulus of elasticity; strain energy; hysteresis THE ELASTICITY OF TENDONS in the legs and feet of many terrestrial animals provides an important mechanism for saving substantial quantities of muscular energy during locomotion (2, 3, 12) . The body is decelerated as the foot lands on the ground, causing kinetic and potential energy to be stored transiently as strain energy in tendons and muscles that are stretched by the impact forces. Elastic recoil, primarily by the tendons, converts most of the stored energy back to kinetic and potential energy as the foot leaves the ground (1). Metabolic energy savings provided by tendon elasticity during fast locomotion of large animals may be as high as 50% (2,3,12).
E. Elastic energy storage in tendons:
mechanical differences related to function and age. J. Appl. Physiol. 68(3): 1033-1040, 1990.-We investigated the possibility that tendons that normally experience relatively high stresses and function as springs during locomotion, such as digital flexors, might develop different mechanical properties from those that experience only relatively low stresses, such as digital extensors. At birth the digital flexor and extensor tendons of pigs have identical mechanical properties, exhibiting higher extensibility and mechanical hysteresis and lower elastic modulus, tensile strength, and elastic energy storage capability than adult tendons. With growth and aging these tendons become much stronger, stiffer, less extensible, and more resilient than at birth. Furthermore, these alterations in elastic properties occur to a significantly greater degree in the highload-bearing flexors than in the low-stress extensors. At maturity the pig digital flexor tendons have twice the tensile strength and elastic modulus but only half the strain energy dissipation of the corresponding extensor tendons. A morphometric analysis of the digital muscles provides an estimate of maximal in vivo tendon stresses and suggests that the muscletendon unit of the digital flexor is designed to function as an elastic energy storage element whereas that of the digital extensor is not. Thus the differences in material properties between mature flexor and extensor tendons are correlated with their physiological functions, i.e., the flexor is much better suited to act as an effective biological spring than is the extensor. digital tendon; flexor; extensor; mechanical properties; modulus of elasticity; strain energy; hysteresis THE ELASTICITY OF TENDONS in the legs and feet of many terrestrial animals provides an important mechanism for saving substantial quantities of muscular energy during locomotion (2, 3, 12) . The body is decelerated as the foot lands on the ground, causing kinetic and potential energy to be stored transiently as strain energy in tendons and muscles that are stretched by the impact forces. Elastic recoil, primarily by the tendons, converts most of the stored energy back to kinetic and potential energy as the foot leaves the ground (1). Metabolic energy savings provided by tendon elasticity during fast locomotion of large animals may be as high as 50% (2,3,12).
Tendons have mechanical properties which generally make them well suited to act as biological springs. They are relatively stiff (i.e., have a high elastic modulus), can sustain high tensile stress (force per cross-sectional area), can stretch elastically up to -5% strain (length increment relative to initial length), and are very resilient (9, 20, 42) . This means that large amounts of strain energy will be stored in tendons that are subjected to high tensile stresses, as occurs in fast locomotion (2, 32) and that most of this energy will be recovered in an elastic recoil when the load is removed. The impressive mechanical properties of tendons are provided by their major constituent, parallel fibrils of covalently crosslinked collagen molecules. It is well known that the density and structure of cross-links and the fibril morphology in collagenous tissues change as a function of age, in a way that can be correlated with age-related changes in mechanical properties (25, 26, (28) (29) (30) 38 ).
Evidence from long-term exercise and limb immobilization studies (23, 33, 35, 36, 39, 43) suggests that ground reaction forces may have an important influence on the growth and structure of tendons as well as other skeletal elements. It seems possible, therefore, that tendons that normally experience relatively high stresses in locomotion, such as digital flexors, may develop different mechanical properties than those that experience only relatively low stresses, such as digital extensors. This premise forms the basis of the present investigation.
There is no agreement in the literature as to whether the mechanical properties of tendons may vary in different species or with anatomic location and function. In a recent study of "high stress" tendons from a variety of mammals, Bennett et al. (9) found that the elastic modulus could vary by twofold, from -1-2 GPa, at stresses >30 MPa. Several studies have compared the properties of mammalian flexor and extensor tendons, but the results are not consistent (8, 11, 21, 41, 43 digital extensor tendons and the deep digital flexor tendons were excised from nine mature pigs (age 4-5 mo, 80-100 kg) and two newborns, wrapped in plastic film, and stored at 4°C until tested. During the mechanical tests at room temperature the tendons were kept moist with saline, but not immersed, because this is known to cause appreciable swelling (9). Tensile tests were performed by clamping the specimen in either steel vice or pneumatic-type grips and stretching it in a mechanical testing machine. Two different testing systems were used, and results were combined. In one, an Instron 1102 machine was used to perform slow extensions at constant rates of 5 mm/min. Force was measured continuously by a strain gauge load cell. Length changes were determined by a noncontact optical method that measured the displacement of two surface markers (black brush bristles) glued onto the central region of the tendon sample, with the use of a video dimension analyzing system as described by Woo et al. (43) . Analog force and displacement data were recorded on a flatbed X-Y recorder.
Dynamic tests were performed with an Instron 8031 servo-hydraulic machine, as described by Ker et al. (22) . In these tests tendons were stretched sinusoidally by the actuator of the machine at frequencies of 0.055 or 2.2 Hz. Length changes were determined on the central portion of the tendon by an electronic extensometer, kindly loaned by Dr. Robert Ker. The design and performance of this instrument has been described previously (20). The extensometer attached to the tendon by clamps containing small steel pins. We put cyanoacrylate glue on the tips of these pins to ensure that no slipping occurred when the tendon was stretched. This was particularly helpful with the relatively thin and flat extensor tendons. Force and extension signals were recorded simultaneously with a pair of synchronized digital transient recorders, and selected cycles were then plotted on an X-Y recorder.
In cyclic tests the data were recorded only after several successive cycles of extension had been completed and the response of the tendon was stable and reproducible. Some tendons were tested to failure after being preconditioned by cyclic loading. For this purpose pneumatic grips were used for the newborn tendons, while cryojaws (31) were employed to clamp the adult tendons. The pneumatic grips provided a self-tightening effect that prevented slippage in the relatively thin newborn tendons. The cryojaws were well suited to grip the adult tendons securely against the large forces required for fracture. In all tests the tensile stress was calculated as the tensile force (in Newtons) + specimen cross-sectional area (in m2) and expressed in megapascals (1 MPa = lo6 N/m2). Strain was calculated as the change in length + initial length, as measured between the two surface markers in tests with the video system or between the attachment clamps of the extensometer. Tendon crosssectional areas were calculated by dividing the wet weight of a tendon sample by its length and density (9). We determined the water content from wet and dry weights (Table 1 ) and calculated the density of hydrated tendon, assuming the density of dry tendon to be 1,400 kg/m3 (24) and that of water to be 1,000 kg/m3. This method yielded a density of 1,120 kg/m3 for adult tendons, which is similar to that measured gravimetrically by Ker (20). The higher water content of the newborn tendons gave a lower wet density value of 1,060 kg/m3.
The modulus of elasticity, a measure of the elastic stiffness of the tendon, was calculated as the gradient of the stress-strain curve and expressed in gigapascals. The mechanical hysteresis is the proportion of strain energy that is dissipated by internal viscous damping in each extension cycle. It is calculated as the ratio of the area within the stress-strain loop (strain energy dissipated) to the area beneath the load portion of the curve (strain energy input). Resilience is the converse of hysteresis, i.e, the proportion of strain energy input which is recovered by elastic recoil. The material toughness is defined as the total strain energy absorbed (joules/kg) when the specimen is stretched to failure. It is calculated from the area under the stress-strain curve up to the failure strain.
Reliability of measurement techniques. Much of the variation in the literature values of tendon mechanical properties undoubtedly arises from inaccuracies in the measurement of tensile strain and cross-sectional area of the test samples. The problems associated with the use of the actual displacement of the tendon grips to calculated strain are well recognized (9, 20, 41, 43, 44). Reliable measurements of length changes can be made in the central body of the tendon, well away from the clamps where slipping, tissue distortion, and stress concentrations may occur. These effects are much more significant in thick tendons, such as the digital flexors, and less problematic in small flat tendons (9, 31). In our cyclic tests we determined strain by two different techniques that we believe are reliable. The video system has the advantage of requiring no direct contact with the sample but was used only for quasi-static tests because of its relatively low frequency response. The extensometer, on the other hand, requires attachment to the specimen but performs very well in dynamic tests up to frequencies of at least 11 Hz (20). We found good agreement between the results from these two methods.
Muscle properties. The mass of the muscle inserting on each digital tendon in the mature animal was measured in four fresh front limbs. The muscles were then fixed in 20% Formalin, and fiber lengths were measured on sections cut in the plane of the fibers. Without establishing the sarcomere length of each fiber, this method has a possible uncertainty of ~25% in values of fiber length and subsequently cross-sectional area (21). From the muscle mass and fiber length, and with the use of a density of 1,060 kg/ m3, we calculated the cross-sectional area of muscle fibers and the corresponding maximum stress that could be imposed on each tendon by its muscle, by the method of Ker et al. (21) . This method assumes that the maximum isometric stress that can be produced by striated muscle is 0.3 MPa and that pennation angles are less than ~30'. Because tendons are in series with muscles, the maximum tension in a tendon cannot exceed the tension developed by its muscle. Therefore, the maximal tendon stress (at) is proportional to the ratio of the muscle and tendon cross-sectional areas, A, and At, respectively, and the maximal muscle stress (21)
Higher muscle stresses (and proportionately higher tendon stresses) may occur when active muscles are stretched rapidly (see DISCUSSION) .
The mechanical safety factor is defined as the ratio of tensile strength of a tendon to the maximum in vivo stress it will experience.
A dimensionless fiber length factor, L, has been defined as the ratio of muscle fiber length to the extension of its tendon that occurs when the muscle is producing maximum force (21) . Tendon extension at ct was calculated by applying the corresponding strain of 2.5-3% (see Figs. 4 and 7, and below) to the actual tendon length. L is useful in the context of the present study because it is an expression of the relative importance of muscle vs. tendon length changes, and therefore strain energy storage capability, under maximal loads (21). According to a recent theory for the optimization of tendon thickness (21), the parameter L should indicate whether the dimensions of a muscle-tendon unit have been optimized for effective elastic energy storage (L < 2) or, alternatively, control of joint displacement and minimal total mass (L > 4) (21).
The digital extensor tendons arise from individual muscle heads that together form the extensor digitorum communis and extensor digitorum lateralis muscles. The flexor digitorum profundus has three heads that insert on a common tendon; this then divides into two deep digital flexor tendons that end on the distal phalanges of the principal digits and two minor tendons that end on the accessory digits. Within each muscle head the fiber length was relatively constant. The humeral head was the largest of the three, representing -85% of the total muscle mass. The humeral, radial, and ulnar heads of the flexor digitorum profundus were weighed and measured separately, and individual values of A, were summed to give the total muscle cross section. RESULTS lMechanicaL properties. In the newborn animal, digital flexor and extensor tendons were indistinguishable in their mechanical properties but very different from those of mature pigs. Figure 1 shows typical stress-strain data for newborn extensor and flexor tendons, cyclically loaded to 5% strain. The initial "toe" region, associated with the straightening of the crimped collagen fibrils (37), extends to a strain of -4%, at which point the linear region of the stress-strain curve begins. The elastic modulus for this linear region averaged only 0.16 GPa in the newborn tendons, whereas the strain energy dissipated per cycle was -25% (Table 1 ). Figure 2 shows examples of failure tests on flexor and extensor tendons from a newborn animal, again demonstrating the similarity in mechanical behavior of these tendons at birth. Mechanical failure occurred at relatively high strains and low stresses compared with the mature tendons (Figs. 2 and  7 ). These results demonstrate that, at birth, the pig digital tendons are relatively poor biological springs; their capacity to store and release elastic strain energy is far below that of mature tendons (Table 1) .
We tested the mature digital tendons at low strain rates (5 mm/min or 0.055 Hz) to simulate in vivo loading rates that would occur during slow movement and at a high frequency (2.2 Hz) to mimic stress application that might occur during fast locomotion. After initial periods of conditioning we found no appreciable variation in the mechanical behavior of any tendon within this range of strain rates (examples in Fig. 3 ). Repeated extension of flexor and extensor tendons produced highly stable responses (Fig. 3) . This indicates that strains up to 5% did not exceed elastic limits or cause appreciable mechanical Typical cyclic stress-strain curves for digital flexor and extensor tendons of mature pigs are compared in Fig. 4 . There is a remarkable difference between the material the data in these plateau regions, are 1.66,0.76, and 0. 16 GPa, respectively, whereas the corresponding hysteresis means (i.e., percent energy dissipated), determined from cyclic tests, are 9.2, 17.5, and 24.5% (Table 1) . Both modulus and hysteresis were determined to be significantly different for each tendon group (P < 0.01). The percent tissue dry weight, an approximate indication of tendon collagen content (13), was 35.3-36.8% in mature tendons but only 18.9% in those of the newborn.
properties of the iting about twice two the types stress of at tendon, the flexor exhibeach strain and only half the hysteresis of the extensor. The elastic modulus increases, in each tendon, as the slope of the stress-strain curve. We calculated the modulus at different levels of extension from all tests of up to 5% strain; the mature flexor, extensor, and newborn tendons are compared in Fig. 5 . The modulus rises with strain, reach ing a plateau level in the mature tendons >2.5% strain. In this region the fl .exor tendons are twice as stiff as the extensors and an order of magnitude stiffer than those of the newborn animal. When the elastic modulus values are plotted as a function of tensile stress (Fig. 6) , plateau levels are reached above -30 MPa in the mature flexors, 10 MPa in the mature extensors, and 3 MPa in the newborn We conducted a small number of fracture tests on the digital tendons to determine the ultimate strains that could be reached. Usually the tendon broke at one grip, where stress concentrations likely caused the breaking strain to be an underestimate of the true value for the tendon. In some tests the break occurred in the central region of the tendon, and two examples are shown in Fig.  7 . The failure strains for these particular flexor and extensor tendons were 8.5% and 6.8%, respectively. (Table 2) . When the break occurred away from the grips in mature tendons, there was a sudden and catastrophic rupture across the whole specimen (Fig. 7) . The newborn tendons were much more ductile and broke in a different manner. Failure was initiated at -12-E% strain, where the stress reached a maximum value and thereafter dec reased as the tendon gradually pulled apart with further extension (see Fig. 2 ). The tensile strength of the newborn tendons was generally ~20 MPa.
Muscle properties in mature animals. Muscle fiber length averaged 34 t 7 mm (n = 12) in the extensor digitorum communis and 20 t 3 mm (n = 8) in the extensor digitorum lateralis. In the major (humeral) head of the flexor digitorum profundus the fiber length averaged 14 t 1 mm (n = 4), compared with 58 t 3 and 13 t 5 mm in the ulnar and radial heads, respectively. In the mature pig the total cross-sectional area of the paired deep digital flexor tendons was generally about twice the combined area of the five digital extensor tendons. However, the flexor digitorum profundus had by far the greatest mass and fiber cross section of all forefoot muscles, so that the area ratio (A,/AJ averaged 100 for the flexors and only 50 for the extensors (Table 2 ). From Eq. 1 these values predict an in vivo ct of -30 MPa in the deep digital flexor tendons and -15 MPa in the digital extensors, yielding safety factors of -3 in each case. The corresponding strain for these maximal stress levels is ~2.5-3% for both tendons (Figs. 4, 7) . L was relatively low for the major humeral head of the deep digital flexor compared with the digital extensors (Table  2) , an indication that the former is designed to function in elastic energy storage, whereas the latter is not (21).
DISCUSSION
Mechanical properties and age-related changes. The major findings of this study are that the mechanical properties of digital tendons in the pig change dramatically from birth to maturity and that these changes are significantly greater in the deep flexors than in the extensors. This is, to our knowledge, the first study to show differential age-related mechanical changes in anatomically distinct tendons of the same limb. As structural materials, the digital flexor and extensor tendons of the mature pig are clearly different from each other and from those of the newborn animal. At birth the digital flexor and extensor tendons have identical mechanical properties, exhibiting much higher extensibility and mechanical hysteresis and much lower elastic modulus and tensile strength than are typical of adult tendons (9, 17, 20). With growth and aging these properties all change, such that the mature tendons are much stronger, stiffer, less extensible, and more resilient than at birth. Furthermore, these alterations in elastic properties occur to a significantly greater degree in the major load-bearing flexors than in the less stressed extensors (Table 1) . By 4-5 mo of age the digital flexor tendons exhibit approximately two times the tensile strength and elastic modulus but only half the internal damping of the corresponding extensor tendons.
The mechanical properties of the mature pig digital flexor tendon are very close to those of other mature mammalian tendons, such as the superficial and deep digital flexor of the horse (31), deer, and donkey (9) and the plantaris and gastrocnemius of the sheep (20), camel (5), wallaby, and deer (9). These studies showed that adult tendons that experience high stresses during locomotion generally have an elastic modulus between -1.2 and 1.8 GPa, a tensile strength ranging from 70 to 120 MPa, and elastic strain energy recovery of 90-96%/cycle, at physiologically relevant strain rates. On the other ELASTIC PROPERTIES OF DIGITAL TENDONS hand, the mechanical properties of the digital extensor tendons of the mature pig fall well below these ranges. This discrepancy is in accord with the observations of Woo et al. (41, 42) , who found that the tensile strength and stiffness of digital flexor tendons of adult miniature swine were about twice those of the corresponding digital extensor tendons. The same authors reported average failure strains of -9% for these tendons but did not investigate their hysteresis behavior.
No clear pattern has emerged with respect to differences between digital flexor and extensor tendons of mammals in general. In a study of amputated human lower limbs, Blanton and Biggs (11) reported that the digital flexor tendons were 18% stronger than the digital extensors, whereas Benedict et al. (8) that the digital extensor tendon of an adult cow forelimb had a tensile strength (80 MPa) and an elastic modulus (1.5 GPa) that were indistinguishable from those of adult digital flexor tendons. Differences in species, age, and exercise level probably contribute to the overall disparity of these observations. Viidik (36) and others since (see Ref. 33 for a review) have shown that long-term exercise can increase the tensile mechanical properties of locomotory tendons. Of particular interest are the studies by Woo et al. (41) (42) (43) that showed that a 12-mo exercise program improved the strength and stiffness of pig digital extensors such that the differences between flexors and extensors, seen in controls, were greatly diminished. More recent studies have demonstrated that induced physical loading of rodent tendons in vivo can cause an increase in the number, diameter, and degree of alignment of the constituent collagen fibrils (27, 39) and in the collagen content of the loaded muscles (23). In a prolonged hindlimb suspension experiment, Vailas et al. (35) found that the collagen and proteoglycan content of rat patellar tendons decreased, and they concluded that ground reaction forces were necessary to maintain homeostasis of tendons as well as muscle and bone. There is also evidence that tendons are stronger in wild rats than in laboratory strains (6), suggesting the involvement of exercise or age factors.
In addition to our observations on pig digital tendons, age-dependent alterations in the mechanical properties of other mammalian tendons have been documented. For example, major changes in the tensile strength and elastic modulus of rat tail tendon occur during the first 4 mo of life, increasing, respectively, from -30 MPa and 0.33 GPa at 1 mo to 100 MPa and 1.3 GPa at 4 mo (38). Less dramatic increases in these parameters occur with further aging (13, 38) . Walker et al. (40) found increased strength and stiffness with age in canine leg tendons, as did Woo et al. (42) for the digital tendons of miniature swine from 15 to 24 mo. The tensile strength of human tendons increases from -30 MPa in infants to 100 MPa in adults (17) . Similarly, the strength and stiffness of collagenous ligaments and skin generally increase from birth to maturity, as well as during wound repair (18, 26, 38) . Reduced extensibility and a change in failure behavior with aging, from a relatively low stress ductile mode to a high stress brittle one (cf. Figs. 2 and 7) are also typical of rat tail tendons (34,38). The changes in tensile mechanical properties of tendons and other collagenous connective tissues that occur with aging or new growth seem to be correlated with morphological and biochemical changes. These include increases in the collagen content, fibril diameter (28, 29, 35), covalent cross-link stabilization (7,25,30,38), a reduction in the fibril crimp angle in the unstressed state (14, 34) , and a decreased water content (13, 17, 18) . Inspection of Figs. 1 and 4 shows that the toe region , which is associated with the straightening of co llagen fibril crimps, is reduced with age from -4% strain at birth to -1.5% strain in mature tendons, suggesting a concomitant decrease in the unstressed crimp angle.
The water content of the pig digital tendons decreased significantly from birth to maturity but did not differ between the mature flexors and extensors (Table 1) . Because the dry weight fraction of a tendon is a good indicator of its collagen content (l3), and this content is expected to increase with maturation (17) , the mechanical changes from birth to maturity in the pig tendons probably result partly from increased collagen content, as well as increased cross-linking within fibrils. However, it is unli .kely that the between flexor and ex significant met .tensor tendons hanica 1 differences in the mature animal could be the result of quantitative differences in collagen alone. There must be other morphological or biochemical factors that differ between the mature flexor and extensor tendons. One hypothesis is that the increase in cross-link stabilization that normally occurs in collagen during growth and aging may take place faster in the flexor tendon than in the extensor, thus providing the superior mechanical properties of the former at maturity. Furthermore,, these changes may be influenced by the level of stress experienced in vivo. In a parallel study we have found some evidence to support this hypothesis, and a full report of these findings is now in preparation.
Tendons as elastic energy storage elements. The physiological relevance of the mechanical differences between the mature flexor and extensor tendons of the pig forefoot becomes apparent when we consider their elastic energy storage capabilities and respective functions in locomotion.
For a strain of 3% (i.e., the maximum in vivo level), the strain energy recovered by elastic recoil from the mature digital flexor tendon would average 415 J/kg, whereas the digital extensor tendon would yield only 165 J/kg (Table 1) . This substantial discrepancy arises because for equal strains the flexor tendon absorbs more energy per unit volume than does the extensor (i.e., it is stiffer) and releases a greater proportion of that stored energy by elastic recoil (i.e, it has lower hysteresis). At birth, however, the digital flexor and extensor tendons both have a very low capacity to store and release elastic energy as a result of their relatively low modulus and high internal damping. Differences in the material properties of these te ndons are also i llustrated by their toughness, defined as the total strain energy required to extend each to its failure strain (Table 1) . The high failure energy of the mature digital flexor indicates that this tendon is three times tougher than the mature extensor and five times tougher than either tendon at birth. Thus, with age, the capacity to withstand high stresses and to store and release elastic strain energy is increased far more in the deep flexor than in the extensor, i.e., the deep flexor tendon becomes much better suited to act as a biological spring.
These differences in mechanical properties appear to be consistent with the different physiological roles of the digital tendons. As in other mammals, the deep digital flexors of the pig forefoot, along with the superficial flexors, must support large gravitational loads when standing and substantial dynamic loads during walking and running, i.e., when the foot strikes the ground and the digital flexor muscles are active (3). In contrast, the digital extensor tendons will be loaded only by the weight of the foot as it is lifted by the extensor muscles and will be unloaded when the foot is in contact with the ground. Thus, the flexor tendons may function as springs, converting external kinetic and potential energy to elastic strain energy during each stride cycle, whereas the extensor tendons may not.
Studies on other mammals show that ground reaction forces can produce large stresses in toe flexor tendons, resulting in significant extension and elastic energy storage. For example, Alexander and Dimery (4) calculated that the forefoot deep digital flexor tendon of a trotting donkey would experience a peak stress of 44 MPa at a strain of 3.7%. In the horse, Dimery et al. (15) estimated peak strains in the forelimb deep digital flexor tendon of 3% and 4% during walking and galloping, respectively. For the same tendon in a galloping fallow deer a peak stress of 65 MPa and a peak strain of 4% were calculated (16) . We have no data for peak stresses during locomotion in the pig but, from our calculations of muscle fiber cross section, we estimate that ct would be -30 MPa in the digital flexor but only 15 MPa in the digital extensor (Table 2) . Ker et al. (21) pointed out that high-stress tendons may operate at low mechanical safety factors (notable examples whose safety factor approaches 1 are the hindlimb deep digital flexor in the horse and the Achilles tendon in the dog and human), but the majority of tendons, such as digital extensors, are never subjected to high stresses and thus have safety factors of -8. This conclusion is based on the tensile strength being identical in all tendons. In the pig digital tendons, the lower strength of the mature extensor compared with the flexor results in a safety factor of 3 in each. If the digital flexor muscles are active and rapidly stretched as the foot contacts the ground, then the stress generated could potentially rise by nearly twofold (10) and the safety factor of the flexor tendon would be reduced to nearly 1.5.
Ker et al. (21) showed that a small fiber length factor (L c 2) is characteristic of tendons that are relatively long and thin and whose corresponding muscles can impose high stresses. Such tendons are ideally suited to act as locomotory springs. On the other hand, a large fiber length factor (L > 4) is typical of tendons that are OF DIGITAL TENDONS 1039 relatively short and thick and attached to muscles that produce large shortening at low stress. Furthermore, they proposed that tendons that are designed to function as springs during locomotion should have the following features: attachment to muscles with relatively short fibers, Am/At ~75, in vivo ct > 25 MPa, and L < 2. Table  2 shows that the pig digital flexor tendons clearly fall into this group, whereas the digital extensor tendons do not. Indeed, the digital extensor muscle-tendon units of quadrupedal and bipedal mammals in general have relatively long muscle fibers, Am/At ~50, ct ~15 MPa, and L greater than -4 (21). According to these authors, digital extensor tendons, and others not involved in elastic energy storage, are optimized in thickness to provide a relatively inextensible link between muscle and bone while at the same time minimizing the combined muscletendon mass. Our data are consistent with these generalizations and, furthermore, show that in the pig there are differences in the material properties of the digital tendons that make the flexor more suited to act as an effective biological spring than the extensor. In a parallel study we are attempting to elucidate the underlying structural and biochemical bases of the mechanical differences between these tendons. 
